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Table 1. Major snake venom components and their occurrences in colubrid species.

Species
Enzymatic Non-Enzymatic

ReferenceLAAO PLA2 (IA) SVMP SVSP 3FTx CNP CRISP CTL DEFEN KUN-1 KUN-2
Boiga dendrophila B [42,43]
Boiga irregularis TPB TPB T TP T t [12,44,45]

Borikenophis portoricensis B BP [46,47]
Cerberus rynchops TP TP TP [48]

Coelognathus radiatus B [49]
Dispholidus typus xP x x

B

B

B

B

BP [46
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Table 2. Minor snake venom components and their occurrences in colubrid species.

Species
Enzymatic Non-Enzymatic

Reference5NUCLEOAChE DPP FactV FactX HYAL PDE AVIT bPLA2i CVF CYST gPLA2i KU-WA-FUNGF * OHA VEGF-A ** WAP
Boiga dendrophila [42,43]
Boiga irregularis T t t t t t t t t [12,44,45]

Borikenophis portoricensis B B [46,47]
Cerberus rynchops [48]

Coelognathus radiatus [49]
Dispholidus typus [50–52]

Erythrolamprus miliaris t t t t T t xt This work; [50]
Erythrolamprus poecilogyrus x [50,51]

Helicops angulatus [53]
Hypsiglenasp. t tP t t t [13]

Hypsiglena torquata [54]
Leoiheterodon madagascarensis [50]

Macropisthodon rudis t [55]
Opheodrys aestivus t t t x t x t t t [9]
Oxybelis fulgidus [56]
Oxyrhopus guibei t t t
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Table 3. Putative new snake venom components identi�ed from colubrid species.

Species
Enzymatic Non-Enzymatic

Reference
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Figure 1. Schematic cladograms showing the phylogenetic relationships among families and species of
snakes discussed in this work (colored branches). The cladogram was based on the phylogenetic tree
proposed by Pyron et al. [ 34]. Dashed lines in Philodryasindicate the presumed placement of
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In colubrids, they seem to not be among major components and have been detected in only a few
species. In the colubrine Trimorphodon biscutatus,an enzyme was puri�ed and its partial sequence
indicated that it was a type IA PLA 2 [61]. However, in another colubrine ( Dispholidus typus) [51],
in the dipsadine Oxyrhopus guibei(this work) and in the pseudoxyrhophiine (family Lamprophiidae)
Leioheterodon madagascariensis[51], among others, the reported type of PLA 2 is IIE.

The occurrence of transcripts coding for enzymes of IIE subtype in the venom glands indicates a
possible independent recruitment of a PLA 2 to the venom, since they are distinct from the type IIA
paralogs commonly expressed in the venom glands of viperid snakes [ 51]. Whether or not these type
IIE PLA 2s represent truly new toxins or accessory proteins of the venom glands remains to be clari�ed,
but Hargreaves et al. [9] found them to be exclusively expressed at low levels in the venom glands of
the species tested.

Despite being very common in the venom of other groups of snakes, L-Amino Acid Oxidase
(LAAO) was thought to be essentially non-existent in colubrid venoms (e.g., [ 71]). Very low levels
of LAAO activity were detected in Brown Treesnake ( B. irregularis) venom [72]; however, assays of
venom from 13 different species of colubrine, dipsadine and natricine rear-fanged snakes detected
no LAAO activity [ 73]. In a comparative transcriptomic analysis of tissues from Pantherophis guttatus,
an LAAO was shown to be expressed in the scent gland but not in the salivary glands of this species [ 9],
suggesting it is not a venom component. Recently, however, an LAAO was found moderately expressed
in the venom glands of the colubrid Phalotris mertensi, and the MS/MS spectrometric analysis clearly
showed its presence in the venom of this species [57].

2.3. Major Snake Venom Non-Enzymatic Components

Three-Finger Toxins (3FTx) are major constituents of Elapidae venoms and represent the lethal
component of the majority of species of this family. These toxins seem to have differential importance
in different subfamilies of colubrids. Alpha-colubritoxin from Coelognathus radiatuswas the �rst
colubrid toxin isolated and sequenced [ 49] and several other 3FTx, such as denmotoxin and irditoxin,
functionally characterized in members of the subfamily Colubrinae, were demonstrated to be abundant
toxins with taxon-speci�c activities [ 42,45]. The -omics characterization of Boiga irregularisvenom
showed that 3FTx dominate the transcriptome of this species (67.5% of toxin transcripts) [ 12].
The authors described 58 unique 3FTx sequences grouped into at least 10 sequence clusters that
were proteomically con�rmed in the venom. These clusters could be arranged in three groups based on
the structural characteristics, but none of them were closely related to the above-mentioned irditoxin
from the same species. Together with individual sequences isolated from other genera [ 9,50,56],
3FTx seem to be major components in many venoms of the subfamily Colubrinae. In contrast, in the
Dipsadinae, 3FTx are not found [ 59,60] or are detected at minor abundance and diversity levels [ 57].
However, in the current work, we retrieved sequences from the transcriptome of the Duvernoy's
venom gland of Xenodon merremi(a dipsadine colubrid) that were expressed at high level (Table 1).
3FTx-like sequences were also reported in venom glands of the family Lamprophiidae, as well as in
species at the base of the Alethinophidia snake radiation (including species in the Cylindrophiidae
and Pythonidae [ 50]). Nevertheless, it appears likely that 3FTx-like transcripts found in gland tissue of
these latter two families may represent house-keeping genes, rather than toxins [9,74].

C-Type Lectins (CTL) are ubiquitous venom components in many snake groups, and they are also
found abundantly in colubrid venoms. In Colubridae, amounts of venom CTL transcripts vary from 2%
in Philodryas olfersii[59] to as much as 21% inPhalotris mertensiof total transcripts [ 57]. They were also
reported in the snakes Pseudoferania polylepisand Cerberus rynchops(family Homalopsidae) and were
highly expressed in Cerberus[48]. From a phylogenetic tree of all colubrid CTLs and related orthologs
(Figure 3), it is possible to observe the existence of distinct types of CTLs in non-front fanged snakes,
although the phylogenetic reconstruction failed to resolve the evolutionary relationships among them.
Nevertheless, in addition to the presence of a CTL-like (snalec) clade, largely found in colubrids,
colubrid sequences are observed to be nested within the clade of Elapidae and Viperidae “true” CTLs
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sequences (i.e., those with a predicted galactose binding motif QPD substituting the plesiotypic motif
EPN: [75,76]. One of them (PMERREF_CTL04) was con�rmed in P. mertensivenom and in fact has
the QPD motif, indicating that predicted galactose-binding lectins should also be present in other
Colubridae venoms. Moreover, some orphan transcripts observed in the venom glands of snakes
from different families clustered completely outside of the clades of typical venom CTLs (Figure 3).
Some of them are suggested to code for venom proteins, such as two transcripts highly expressed and
proteomically detected in the venom of P. mertensi, and similar transcripts are expressed at moderate
levels in the venom glands of other colubrids ( Hypsiglenasp. and Boiga irregularis; [12]), viperids
(Bothrops insularis; [77]) and elapids (Hoplocephalus bungaroides; [78]). Interestingly, the encoded proteins
from the transcripts of this group present not a single but various motifs (QPD, EPD, EPN, RPS, QVE,
and EPK) for sugar binding at the second loop of the carbohydrate recognition domain. It indicates
that these genes may have undergone a diversi�cation process that parallels that experienced by other
CTL types, i.e., the substitution of the binding motif of the original sugar ligand, mannose, by binding
motifs to other types of carbohydrates.

Figure 3. Maximum likelihood circular cladogram showing the relationship among representative
CTLs from different snake families. Bootstrap values are plotted close to internal nodes. Colors at the
terminal nodes (circles) indicate typical vs. atypical venom proteins and the evidence of occurrence
in the venoms. Colors in the diagram surrounding the cladogram indicate the taxonomic groups.
The carbohydrate binding motifs, as discussed in the text (EPN, QPD, etc.), are indicated by red type.
The protein sequences are referred by their GenBank accession numbers, except those initiated by the
codes EMILISO, OGUIISO, PMERREF and XMERCLU, which are mentioned in the “de�nition” �eld
of sequence �les deposited in TSA.
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and Phalotris mertensi[57]. In the latter, the corresponding protein was detected by shotgun MS/MS
analysis of the venom, suggesting it may be a valid colubrid venom component. The colubrid proteins
have a highly conserved signal peptide, almost identical to that of crotamine (see Supporting Figure 3
from [ 60]); the mature polypeptides display the same cysteines involved in the disul�de arrangement
of crotamine, but the other residues are highly variable, making it dif�cult to establish the evolutionary
relationship between them.

Kunitz-type proteins appear in snake venoms in several forms, sometimes as single-product
precursors (KUN-1), at other times with tandem repeated domains (KUN-2), and less frequently
associated with WAP domains in a protein designated ku-wap-fusin (KU-WA-FU) [ 87]. Although in
some species of colubrids these components have a transcriptional level not indicative of a relevant
participant in venom, in at least two species, Hypsiglenasp. [12] and
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Cobra venom factor (CVF) was clearly demonstrated as a venom component only in elapid
snakes [93]. Although very similar sequences could be found expressed at low levels in some
colubrids, the absence of protein detection in their venom suggests the transcripts could also be
the endophysiological complement factor C3 expressed by blood cells within the venom glands.

Enzymatic inhibitors that typically function to protect snakes from the bites of other snakes
are mainly produced in the liver and secreted into the plasma of venomous and non-venomous
snakes [94], but some of them seem to be produced in the venom glands. For example, a speci�c
paralog of a gamma-PLA 2
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Figure 5. Maximum likelihood tree showing the relationship among svMMPs from different snake
families and MMPs from other vertebrate groups. Bootstrap values are plotted close to internal nodes.
The domain arrangement of each precursor type is depicted on the right. The types of evidence for the
occurrence in venoms are indicated by “T” (transcribed) and “V” (detected in venom). The protein
sequences are labeled by their accession numbers in GenBank, except those initiated by the codes
EMILREF, OGUIISO, and PMERREF, which are mentioned in the “de�nition” �eld of sequence �les
deposited in TSA.
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identified a complete transcript coding for this protein in the Oxyrhopus guibei transcriptome, but we 

did not

Figure 6. Maximum likelihood tree showing the relationship among lipocalin proteins from different
snake families and from other vertebrate groups. Note that transcripts highly expressed in venom
glands are all in the same clade. Bootstrap values are plotted close to internal nodes. The protein
sequences are labeled by their accession numbers in GenBank, except those initiated by the code EMIL,
which is mentioned in the “de�nition” �eld of sequence �les deposited in TSA and the sequence
OGUIREF_Lipo1 (Accession Number KX450875). Sequences labeled GAMF fromA aterrima were
translated from the original nucleotide contigs retrieved from TSA.

3. Conclusions

It is now abundantly clear that the venoms produced among the colubrid rear-fanged snakes are
homologous with the much better characterized venoms of the front-fanged snakes. As trophic
adaptations that facilitate feeding, venoms vary in composition with several important factors,
including phylogeny, and so it is to be expected that among the diverse colubrid lineages, novel
compounds, and new functional variants of better-known venom proteins, will be encountered.
Much progress toward understanding rear-fanged snake venom composition has been made in the
last decade, but, as indicated above, we have barely begun to explore the diversity of advanced snakes
that comprise the colubrids. Transcriptomic and genomic approaches will greatly facilitate this work,
but it must be remembered that functional assays should also accompany analysis of any venom,
because the common recurring motif in venom biochemistry is to make the most of a stable molecular
scaffold, perhaps best exempli�ed by the varied pharmacologies of the three-�nger toxin superfamily.
These small, structurally conservative peptides have very similar crystal structures but affect systems
as diverse as neurotransmission, the blood clot cascade, ion channel function, and salamander limb
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for”, and, to �nd truly novel toxins that will likely be present in some colubrid venoms, we will have
to look beyond the “normal” families of venom proteins.

4. Materials and Methods

4.1. Original Transcriptomic Data

4.1.1. Animals

Three specimens of Erythrolamprus miliaris
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4.1.3. Expressed Sequence Tags (ESTs) Generation

Xenodon merremitranscriptome was investigated by means of EST generation, prior to the
common use of NGS (next generation sequencing). The pairs of glands from Xenodon merremi
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